Recent studies have shown that time-varying changes in formant pattern contribute to the phonetic specification of vowels. This variation could be especially important in children's vowels, because children have higher fundamental frequencies ( f 0 's͒ than adults, and formant-frequency estimation is generally less reliable when f 0 is high. To investigate the contribution of time-varying changes in formant pattern to the identification of children's vowels, three experiments were carried out with natural and synthesized versions of 12 American English vowels spoken by children ͑ages 7, 5, and 3 years͒ as well as adult males and females. Experiment 1 showed that ͑i͒ vowels generated with a cascade formant synthesizer ͑with hand-tracked formants͒ were less accurately identified than natural versions; and ͑ii͒ vowels synthesized with steady-state formant frequencies were harder to identify than those which preserved the natural variation in formant pattern over time. The decline in intelligibility was similar across talker groups, and there was no evidence that formant movement plays a greater role in children's vowels compared to adults. Experiment 2 replicated these findings using a semi-automatic formant-tracking algorithm. Experiment 3 showed that the effects of formant movement were the same for vowels synthesized with noise excitation ͑as in whispered speech͒ and pulsed excitation ͑as in voiced speech͒, although, on average, the whispered vowels were less accurately identified than their voiced counterparts. Taken together, the results indicate that the cues provided by changes in the formant frequencies over time contribute materially to the intelligibility of vowels produced by children and adults, but these time-varying formant frequency cues do not interact with properties of the voicing source.
I. INTRODUCTION
The perception of vowel quality is determined mainly by the formant pattern and its changes over time ͑Rosner and Pickering, 1994͒. Traditionally, vowels were described as static entities, analyzed in terms of a single, brief spectral sample taken from their central region or ''nucleus'' ͑e.g., Peterson and Barney, 1952͒ . However, several sources of evidence now indicate that time-varying changes in the frequencies of the lowest three formants contribute to the perception of vowel quality, even in monophthongs ͑Di Benedetto, 1989; Fox, 1989; Hillenbrand and Gayvert, 1993; Nábȇlek and Ovchinnikov, 1997; Nearey and Assmann, 1986; Nearey, 1989; Andruski and Nearey, 1992; Strange et al., 1983; Strange, 1989; Pols and van Son, 1993; Jaghargi, 1991, 1993͒. Hillenbrand ͑1995͒ and Hillenbrand and Nearey ͑1999͒ reported that vowels synthesized with ''flattened'' formant tracks ͑i.e., with the formant pattern held constant across the duration of the vowel͒ were identified less accurately than vowels for which the natural variations in formant frequencies were preserved. Their synthesized stimuli were modeled after a large sample of vowels produced by men, women, and children ͑ages 10-12 years͒. Formant flattening led to a 15% drop in mean identification accuracy, suggesting that formant movement plays an important role in the perceptual specification of American English vowels.
One reason for the detrimental effects of formant flattening may be that formant movement helps to disambiguate pairs of vowels whose spectral shapes are similar in their ''nucleus'' regions but differ in their off-glides ͓e.g., the vowels /(/ and /|/ in American English ͑Nearey and Assmann, 1986͔͒. Formant-frequency changes could also provide evidence of the locations of ''merged'' formant peaks when pairs of formants approach one another in frequency. The likelihood of merged formants is greater when the fundamental frequency ( f 0 ) is high and the spectrum envelope is sparsely ''sampled'' at the frequencies of the harmonics. Given the importance of the formant peaks for vowel identification, it might be predicted that vowels with high f 0 's would be identified less accurately than those with low f 0 's. This prediction has been confirmed in experiments with synthetic vowels ͑Ryalls and Lieberman, 1982; Diehl et al., 1996͒. An illustration of sparse spectral sampling is provided in Fig. 1 , which shows the amplitude spectrum of the vowel /Å/ spoken by a 3-year old child. The left panel shows the amplitude spectrum of the onset portion of the vowel, along with the envelope of the spectrum estimated by linear predictive coding ͑LPC͒ analysis. The f 0 is about 262 Hz, and hence neither representation provides clear evidence of the second formant, located in the vicinity of 1050 Hz. This is a typical example of a pair of merged formants: only a single peak is evident in the region of F1 and F2.
In the right panel, the time variation in formant pattern is illustrated by a set of LPC spectra sampled at successive 8-ms intervals throughout the duration of the vowel. The envelope of the spectrum is more clearly defined, by extrapolation, when the vowel is sampled repeatedly at different time points. If formant movement is beneficial because it provides a basis for tracking merged formants, then these benefits should be greater for vowels with high f 0 's because they contain a higher incidence of such mergers. The relevance of the example in Fig. 1 depends on the ability of the auditory system to recover features of the spectral envelope ͑such as the frequencies of formant peaks or aspect of spectral shape͒ from the raw waveform. Psychophysical studies suggest that auditory frequency analysis is sufficiently selective at low frequencies to resolve the individual harmonic components of vowels in the frequency region below 1 kHz, even in adult male voices with low f 0 's ͑Moore and Glasberg, 1987͒. Since the first formant peak does not necessarily coincide with any single harmonic, its frequency must be derived, possibly by interpolating across the peaks in the excitation pattern that correspond to the individual harmonics ͑Darwin and Gardner, 1985; Assmann and Nearey, 1987͒ . When the f 0 is high ͑as in children's speech͒, the spectrum envelope is less clearly defined in the speech signal, further increasing the uncertainty in the formant estimation process ͑Dissard and Darwin, 2000͒ and, by inference, the likelihood of making identification errors. If a higher f 0 leads to poorer specification of formant peaks or other relevant aspects of spectral shape, then time-varying changes in formant-frequency ought to provide greater benefits for children's vowels than for adults' vowels.
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A corollary of this prediction is that time-varying changes in formant frequency should provide reduced benefits when f 0 is eliminated from the signal, as in whispered speech. Whispered speech retains the formant structure of voiced speech but not its harmonic fine structure. The broadband noise excitation of whispered speech generates a continuous spectrum, and potentially more accurate resolution of the formant peaks, provided the analysis window is sufficient in length to average out short-term fluctuations in the noise.
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If formant peaks are more accurately represented in the auditory excitation patterns of whispered than voiced vowels, then whispered vowels might be expected to show reduced benefits of formant movement, compared to voiced vowels. However, whispered vowels are less intelligible than voiced vowels under some conditions ͑Tartter, 1991; Katz and Assmann, 2000͒ . Voicing source manipulations therefore provide a basis for testing the generality of the perceptual benefits of time-varying changes in formant pattern, and may yield further insights into the mechanisms involved in vowel perception.
The present study had two main objectives: first, to determine whether time-varying changes in formant frequencies make a greater contribution to the identification of children's vowels than adults' vowels; second, to determine how the perceptual effects of formant movement generalize across changes in voicing source. Listening tests were carried out using natural and synthesized vowels, including conditions where the center frequencies of formants were held constant over the duration of the vowel ͑Hillenbrand, 1995͒. Vowels were synthesized using pulsed excitation ͑generating voiced vowels͒ and noise excitation ͑generating whispered vowels͒.
II. EXPERIMENT 1
Compared to adults, children's speech is more variable in f 0 , formant frequencies, and durational properties ͑Eguchi and Hirsh, 1969; Kent, 1976; Smith et al., 1995; Lee et al., 1999͒ . Since the majority of earlier studies of children's speech have measured speech acoustics in older children, we included younger children of ages 7, 5, and 3 years in our sample.
A. Speech materials
Recordings were made of the 12 monophthongal vowels of American English in /hVd/ context: /{/ ͑heed͒; /(/ ͑hid͒; /|/ ͑hayed͒; /}/ ͑head͒; /,/ ͑had͒; /#/ ͑hud͒; /Ä/ ͑hod͒; /Å/ ͑hawed͒; /É/ ͑herd͒; /Ç/ ͑hoed͒; /*/ ͑hood͒; /É/ ͑who'd͒.
B. Talkers
Ten men, 10 women, and 30 children ͑ages 7, 5, and 3͒ served as talkers. The majority of the adult talkers were longtime residents of the Dallas, Texas region, but 38% had lived in other cities during their childhood. All of the children were raised in the urban Dallas area.
C. Recording procedure
An audio cassette master tape with 6 repetitions of the 12 vowels in random sequence served as a prompt for the talkers. The adult talkers completed the set twice, for a total of 144 vowel tokens ͑12 vowels ϫ 12 repetitions of each vowel͒. Each recording session lasted about 40 min. Recording sessions for the children took somewhat longer, and hence children completed only one set of 72 vowel tokens ͑12 vowels ϫ 6 repetitions͒. Because children occasionally had difficulty producing target sounds following the first rep- etition of the audio tape, they were given additional chances to repeat target items following examples given by the examiner.
Recordings were made in a sound-treated room using a Shure SM-94 microphone and a portable audio DAT recorder, model AIWA HD-X3000. The digital waveforms were transferred to computer disk at a rate of 48 kHz and 16-bit resolution using a DAT-Linkϩ digital audio interface.
D. Acoustic analysis
A subset of 180 vowel tokens ͑12 vowels ϫ 3 talkers ϫ 5 talker groups͒ was used to extract parameters for synthesizing the stimuli in experiment 1. Selection was based on informal judgments of adequate pronunciation quality by the two authors. The waveforms were digitally low-pass filtered with an eighth-order elliptical filter ͑5.7 kHz, Ϫ115 dB/oct͒ and resampled at 12 kHz for subsequent analyses. The onsets and offsets of the vowels were determined by visual inspection, as illustrated by the dashed lines in Fig. 2 . Vowel onset was defined as the beginning of the first pitch period of the voiced segment of the syllable. Vowel offset was defined as the end of the last pitch period before the stop closure created by the final /$/.
To obtain a parametric description of the vowels suitable for a formant-based synthesizer, estimates of fundamental frequency ( f 0 ), amplitude of voicing ͑AV͒ and formant center frequencies ͑F1-F4͒ were obtained every 5 ms. Estimates of f 0 were made using an implementation of the Meddis and Hewitt ͑1991͒ pitch model. The amplitude of voicing ͑AV͒ was computed using a sliding rectangular root mean square ͑rms͒ window ͑25-ms frames, 5-ms overlap͒. Formant center frequencies were tracked using a custom MATLAB program ͑Assmann et al., 1994͒ . This program allows the user to identify the trajectories of the formants by visual inspection and superimpose their tracks on a spectrogram of the vowel using a mouse-based drawing tool. A synthesized version can then be generated and played back to compare with the spoken version, and the process can be repeated until a good match is found.
E. Statistical analysis of vowel formant frequencies
To analyze formant-frequency change, we adopted a version of the ''dual-target'' model described by Nearey and Assmann ͑1986͒. Vowel formant frequencies were measured using LPC analysis and a semi-automatic formant-tracking procedure, described in detail in Sec. III A below. Measurements were taken at two different time points in the vowel, illustrated by the shaded boxes in Fig. 2 . The sample windows had their onsets at 33% and 66% of the vowel's duration, respectively. The goal was to include as much as possible of the formant movement within the vowel, while minimizing the neutralizing effects of the flanking consonants. Informal listening to gated versions of the vowels that spanned the two sample windows did not reveal a strong impression of the final /$/ for a majority of the tokens. Moreover, the formant trajectory defined by the two targets did not consistently point toward the same spectral locus ͑Delat-tre et al., 1955; Sussman et al., 1991͒ as might be expected if the second sample window were too close to the consonant closure. F1, F2, F3 frequencies and f 0 were estimated as the median of five successive measurements spaced 5-ms apart. Table I lists the f 0 and formant-frequency estimates from the first sample window for the 12 vowels and 5 talker groups. These measurements served as the basis for the ''flattened formant'' stimuli of experiment 1. Means and standard errors are based on three talkers in each group. An analysis of variance ͑ANOVA͒ of vowel formant frequencies was carried out, covering the factors vowel ͑with 12 levels͒, group ͑with 5 levels͒, and sample ͑with two levels: first and second sample windows͒. As expected, there were significant main effects of vowel for F1 ͓F (11, 110) ϭ84.59, pϽ0.01͔, F2 ͓F (11, 110) ϭ117.32, pϽ0.01͔, and F3 ͓F (11, 110) ϭ30.85, pϽ0.01͔; and talker group for F1 ͓F (4,10) ϭ12.18, pϽ0.01͔, F2 ͓F (4,10) ϭ52.08, pϽ0.05͔, and F3 ͓F (4,10) ϭ47.82, pϽ0.01͔, but the interaction of talker group ϫ vowel was not significant for any of the formants.
In addition to showing the expected pattern of higher formant frequencies in the vowels of young children, Table I shows that the standard errors are larger for several of the children's vowels, compared to those of adults, consistent with reports of greater variability in children's formant frequencies. However, it cannot be ruled out that this increased variability is due to formant measurement error associated with the higher f 0 's of children's vowels, nor that this variability is irrelevant for vowel perception. These issues are addressed in experiments 1 and 2.
Of particular interest for the present study was the significant interaction of sample ϫ vowel, indicating the presence of time variation in the frequencies of F1 ͓F (11, 110) ϭ12.65, pϽ0.01͔ and F2 ͓F (11, 110) ϭ21.74, pϽ0.01͔, but not F3 ͓F (11, 110) ϭ1.14, pϭ0.34͔. Figure 3 illustrates the pattern of formant movement for the male talkers. The mean F1 and F2 frequencies for the first and second time samples are shown by the origins and tails of the arrows. The direction and extent of formant-frequency movement is consistent with studies of other dialects of American English ͑e.g., Nearey and Assmann, 1986 , for western Canada; Hillenbrand and Nearey, 1999, for western Michigan͒. The greatest formant movement is seen for the vowels /|/, /Ç/, /Ä/, /#/, /*/, and /Å/, while /{/, /É/, /,/, and /É/ are relatively stationary. In general, the lax vowels /(/, /}/, and /,/ tend to point toward the middle of the vowel space, consistent with the pattern found in other dialects of American English, although the magnitude of these changes is smaller for the north Texas vowels. This discrepancy may reflect dialect variation, or differences in the choice of time windows. Our first sample point was taken somewhat later, and the second sample somewhat earlier than in previous studies.
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The pattern of formant movement was similar across the five talker groups: neither the talker group ϫ sample nor the talker group ϫ sample ϫ vowel interactions were significant for any of the formants. Hence children's vowels appear to display qualitatively similar patterns of vowel-inherent spectral change to those of adults.
F. Experimental conditions
The stimuli were natural and synthesized versions of the 12 vowels provided by the adult and child talkers. Stimuli were presented to adult listeners for identification in five conditions:
͑1͒ Natural: The vowel portion of the syllable was extracted ͑as illustrated by the dashed lines in Fig. 2͒ and presented without further modification. ͑2͒ Full: A synthesized version of the vowel was constructed using the acoustic parameters ( f 0 , AV, F1, F2, F3, F4, F5͒ derived from an analysis of the vowel portion of the /hVd/ syllables. Synthetic vowels were constructed using a frequency-domain version of the Klatt ͑1980͒ cascade formant synthesizer ͑Assmann et al., 1994͒ with six formants at a sample rate of 24 kHz. The TABLE I. Means and standard errors ͑in parentheses͒ of vowel fundamental and formant frequencies ͑in Hz͒ from the first sample window, across the three talkers in each group. ͑See text for details.͒ 3003 2654 2557 2643 2580 2539 1686 2468 2564 2390 2364 2321  Males  ͑61͒  ͑64͒  ͑39͒  ͑69͒  ͑30͒  ͑99͒  ͑41͒  ͑53͒ ͑111͒  ͑86͒  ͑83͒ ͑112͒  F2 2345 1974 1982 1855 1809 1455 1457 1214 1081 1182 1376 1373  ͑146͒  ͑86͒  ͑74͒  ͑96͒  ͑26͒  ͑14͒  ͑71͒  ͑12͒  ͑17͒  ͑28͒ ͑105͒ ͑139͒  F1  300  445  497  534  694  638  523  754  654  523  426  353  ͑6͒  ͑31͒  ͑14͒  ͑21͒  ͑50͒  ͑49͒  ͑29͒  ͑49͒  ͑15͒  ͑31͒  ͑20͒  ͑20͒  f 0  110  108  111  102  101  102  105  103  101  112  112  131  ͑9͒  ͑12͒  ͑13͒  ͑10͒  ͑8͒  ͑10͒  ͑11͒  ͑8͒  ͑10͒  ͑10͒  ͑10͒ ͑67͒  ͑62͒  ͑72͒  ͑13͒ ͑170͒  ͑58͒  ͑94͒ ͑109͒ ͑202͒  ͑84͒ ͑205͒ ͑216͒  F1  427  621  717  760 1256  789  726 1060  938  652  649  502  ͑42͒  ͑44͒  ͑37͒  ͑10͒ ͑110͒  ͑69͒  ͑60͒ ͑109͒ ͑111͒  ͑33͒  ͑10͒  ͑45͒  f 0  246  230  218  211  227  214  233  248  209  227  251  271  ͑29͒  ͑29͒  ͑27͒  ͑16͒  ͑14͒  ͑14͒  ͑9͒  ͑21͒  ͑26͒  ͑36͒  ͑21͒  ͑21͒ center frequencies of the higher formants were fixed at 4500 Hz ͑F5͒ and 5500 Hz ͑F6͒ for the adult males, using the synthesizer defaults for an adult male voice suggested by Klatt ͑1980͒. The frequencies of F5 and F6 were scaled upwards by 20% for the adult females ͑5400 and 6600 Hz, respectively͒ and by 50% for the three groups of children ͑6750 and 8250 Hz͒. The bandwidths of the six formants were held constant ͑B1: 90; B2: 110; B3: 170; B4: 250; B5: 300; B6: 450 Hz͒. Stimuli were scaled to the maximum peak-to-peak amplitude afforded by the 16-bit quantization range. A 10.7-ms Kaiser window was used to shape the onset and offset of each stimulus to minimize transients. ͑3͒ FlatF1: The center frequency of the first formant was held constant at the estimated F1 frequency from the first sample window ͑indicated by the first shaded box in Fig.  2͒ . The remaining parameters displayed ''natural'' ͑i.e., measured͒ variations as a function of time. ͑4͒ FlatF2: The center frequency of the second formant was held constant at the estimated F2 frequency from the first sample window. ͑5͒ FlatF: The center frequencies of all formants and f 0 were held constant at their estimated frequencies from the first sample window.
G. Listeners
The listeners were nine adults who reported normal hearing and were native speakers of American English. All had completed an undergraduate course in phonetics. Most were long-term residents of the Dallas, Texas area.
H. Procedure
The stimuli were presented on-line at a sample rate of 24 kHz, low-pass filtered ͑10-kHz cutoff; Tucker-Davis Technologies FT5͒, attenuated ͑TDT PA4͒, amplified ͑TDT HB5͒, and presented diotically via headphones ͑Sennheiser HD-414͒ in a double-walled sound booth. Stimulus presentation levels ranged from 69 to 81 dB SPL ͑A weighting͒, with a mean of 74 dB. Stimuli representing the 12 vowels, 5 talker groups, and 5 synthesis conditions were interspersed in random order from trial to trial. Listeners were tested individually, and the experiment was self-paced. They responded to each stimulus by selecting 1 of 12 panels from a response box displayed on the computer screen. The panels were labeled with the orthographic representations of the /hVd/ words, and their corresponding phonetic symbols were superimposed on the screen with a plastic overlay.
Listeners began by completing three brief practice sets. In each set they heard vowels spoken by different talkers, one exemplifying each talker group, but using talkers who were not included in the main experiment. In the first set they listened to examples of 12 natural vowels without assigning vowel responses. In the second set they identified 36 vowels from the natural condition and received feedback indicating whether their responses were correct or incorrect. If their score was less than 85% correct ͑31/36͒ they were required to repeat the set until they reached this goal. In the third set they heard examples of 12 synthesized vowels from the full condition without assigning vowel responses. They next completed the main experiment, which included 1260 stimuli ͓12 vowels ϫ 5 groups ϫ 3 talkers per group ϫ 7 conditions, i.e., the five conditions described above plus two additional conditions described elsewhere ͑Katz and Assmann, 2000͔͒ in three blocks of 420 trials. Each block lasted about 40 min.
I. Results and discussion
The identification data were analyzed with two main objectives: ͑i͒ to compare identification accuracy for natural and synthesized vowels spoken by adults and children, and ͑ii͒ to study the effects of ''flattening'' the formant trajectories on vowel identification for the five talker groups. A three-way analysis of variance ͑ANOVA͒ revealed significant main effects of talker group ͓F (4,32) ϭ16.60; pϽ0.01͔, condition ͓F (4,32) ϭ138.00, pϽ0.01͔, and vowel ͓F (11, 88) ϭ19.10, pϽ0.01͔. All interactions were significant: talker group ϫ condition ͓F (16, 128) ϭ5.01; pϽ0.01͔, condition ϫ vowel ͓F (44, 352) ϭ17.50; pϽ0.01͔, talker group ϫ vowel ͓F (44, 352) ϭ17.50; pϽ0.01͔, and talker group ϫ condition ϫ vowel ͓F (176, 1408) ϭ3.38; pϽ0.01͔. The key patterns in these data are described below.
Identification of natural and synthesized vowels
Identification accuracy was lower for the synthesized vowels ͑full condition͒ than for the spoken vowels ͑natural condition͒ after which they were patterned. Figure 4 shows this pattern across the five talker groups. The largest decline in accuracy was found for adult females ͑20%͒. The smallest decline was for the 3-year-old children ͑3%͒, whose natural recorded vowels were the least intelligible overall. The threeway interaction of talker group ϫcondition ϫ vowel was analyzed with Scheffé tests to assess the drop in intelligibility from natural to full conditions. The analysis revealed significantly (pϽ0.05͒ lower accuracy in the full condition for FIG. 3 . Formant-frequency movement for the 12 vowels spoken by the adult males. The origin of each arrow shows the mean F1 and F2 frequencies across the three talkers for the first sample window ͑starting at 33% of the vowel duration͒, while the tail shows the second sample window ͑starting at 66% of the vowel duration͒.
the following talker group and vowel combinations: 3-yearolds: /Ç/; 5-year-olds: /|/, /É/; 7-year-olds: /*/; adult females: /(/, /,/, /*/; adult males: /É/. In some of these cases, the lower intelligibility of the synthesized vowels can be attributed to difficulties in tracking closely spaced formants.
Effects of holding formant frequencies constant
Significantly lower identification accuracy was obtained when either F1, F2, or all formants plus f 0 were held constant. Figure 5 shows mean accuracy in the four synthesis conditions for the five talker groups. On average, eliminating the time variation in F1 resulted in a 6% drop in identification. Holding F2 constant lowered performance by about 5%, while removing the time variation from all formant frequencies plus f 0 lowered performance by about 12%. These patterns were broadly similar across talker groups, with two exceptions. First, the 5-year-olds did not show a decline when F1 or F2 were held constant, although their scores were close to those of other talker groups when all formants and f 0 were held constant. Second, the adult females did not show a further decline when all formants and f 0 were held constant, compared to F1 and F2 alone. These differences merit further study with a larger sample of talkers. Overall, however, the results provided no support for the idea that time-varying changes in formant frequencies offer greater benefits for identifying vowels spoken by children. Figure 6 shows that the effects of formant flattening were not evenly distributed across the vowels. The vowels /|/ and /Ç/, which are strongly diphthongized in American English, showed substantial declines, with more than a 65% drop from the full condition to FlatF condition. For both /|/ and /Ç/, holding F1 constant had a larger effect than holding F2 constant. Smaller declines were observed for /É/ and /Å/, while most of the remaining vowels showed little effect of formant flattening. Surprisingly, /Ä/ showed an increase of more than 20% when all formants and f 0 were held constant. The reason may be related to dialect and/or formant-tracking errors: for this vowel, eliminating the time variation made it easier to identify.
The results in Fig. 6 are combined across the five talker groups, but the ANOVA also showed a significant three-way interaction of talker group ϫ condition ϫ vowel. Interpretation of the three-way interaction was complicated by performance near ceiling or floor in several conditions, but overall there were only minor deviations from the pattern in Fig. 6 . In general, deviations from the pattern were least evident for those vowels showing the greatest effects of formant flattening ͑i.e., /|/ and /Ç/͒.
Relationship between f 0 and formant flattening
The results of experiment 1 failed to confirm the prediction that time-varying changes in formant frequencies would provide greater benefits for the vowels of children than adults. One interpretation is that these benefits are not related to spectral resolution, but arise for other reasons. Before accepting this conclusion, however, it is necessary to consider other differences between the vowels of children and adults that might contribute to formant resolution. For example, narrowing the bandwidth of a formant or increasing its distance from adjacent formants could lead to improved specification of its peak, counteracting the loss of resolution caused by the high f 0 .
Formant bandwidths were held constant across the talker groups, ruling this out as a possible confound. Moreover, formant bandwidth estimates from natural speech generally suggest wider rather than narrower bandwidths with increasing formant-frequency above 500 Hz ͑Hawks and Miller, 1995͒, and formant bandwidths are estimated to be about 25% larger in women than in men ͑Fujimura and Lindqvist, 1971͒. A second factor is that children have smaller vocal tracts than adults, and hence the upward shift in their formant frequencies could lead to larger frequency distances between adjacent formants. However, a statistical analysis of formant distances ͑F3-F2 and F2-F1, with formant frequencies ex- pressed in log units͒, failed to reveal significant differences between child and adult talkers.
Although other differences between children's and adults' vowels cannot be ruled out, the results of experiment 1 suggest that the benefits of formant flattening are not enhanced in vowels with high f 0 's. This conclusion is supported by an analysis of individual vowel tokens. The amount of benefit provided by spectral change was quantified in terms of the difference between scores in the full condition and in the FlatF condition. The correlation between difference scores and the vowel's f 0 was close to zero ͑r ϭϪ 0.06; Nϭ180͒. There was a weak relationship between f 0 and formant distance, for F2-F1 ͑rϭ0.29; Nϭ180; pϽ0. Nϭ180; pϽ0.01͒ . A partial correlation analysis was performed to assess the relationship between f 0 and formant flattening when the effects of formant separation are partialled out. In both cases the correlation remained near zero, for F2-F1 ͑rϭ0.05; Nϭ180͒ and F3-F2 ͑rϭϪ 0.01; Nϭ180͒. These analyses support the conclusion that the effects of formant flattening do not depend on f 0 .
III. EXPERIMENT 2
Because formants are relatively difficult to estimate in speech produced with high f 0 values, it is possible that some of the group-specific differences noted in experiment 1 ͑e.g., the large difference between natural vs full conditions for adult females and the small difference between natural versus full conditions for 3-year-old children͒ could have resulted, in part, from errors in estimating formant frequencies by hand. Experiment 2 therefore evaluated a synthesis strategy that relied on a semi-automatic formant-tracking procedure.
A. Method
Experimental conditions were identical to those used in experiment 1, except that the stimuli were generated from the same recorded /hVd/ words using a semi-automated formant-tracking procedure. The frequencies of the formants ͑F1, F2, F3͒ were estimated using a dynamic programming method which assigns raw formant-frequency ''candidates'' to ''tracks'' given a set of constraints on the proximity of adjacent formants and continuity over time. Formant candidates were obtained by autocorrelation LPC ͑12-kHz sample rate, 512-point Hanning window, 5-ms frame update rate, and 95% pre-emphasis͒. The order of the LPC analysis was adjusted to match the number of expected formants in the 0-6 kHz range, and the number of coefficients ranged from 8 to 14, depending on the talker. Formant candidates were obtained by solving for the roots of the predictor polynomial. A subsequent stage of post-processing was included to eliminate residual errors due to ''spurious'' formant-frequency candidates. Finally, median smoothing was applied to eliminate sudden changes in formant-frequency.
Stimulus presentation, testing procedures, response collection, and data analysis were the same as described for experiment 1. 
B. Listeners
The listeners were ten adults who reported normal hearing and were native speakers of American English. Most of the listeners were long term residents of the Dallas, Texas area. All had completed an undergraduate course in phonetics. One of the listeners had participated in experiment 1.
C. Results
There was little effect of formant-frequency estimation method: on average, hand-tracked and auto-tracked vowels showed less than 1% difference in intelligibility. The largest improvement was a nearly 6% difference in the female autotracked vowels. The largest drop was a 5% difference for 3-year-olds. A three-way ANOVA revealed the same pattern as in experiment 1, with a significant interaction of talker group ϫ condition ϫ vowel ͓F (176, 1584) ϭ3.78; pϽ0.01͔. Qualitative inspection of individual vowel ϫ talker group plots revealed an interaction similar to that found for experiment 1. Therefore, it appears that the perceptual consequences of the formant manipulations presented in experiment 1 do not depend on the formant-tracking method.
IV. EXPERIMENT 3
Experiments 1 and 2 showed that eliminating the time variation in formant frequencies from synthesized vowels led to a significant decline in intelligibility. However, no evidence was found of a link between the benefits of formant dynamics and f 0 . A significant correlation would be predicted if formant movement helps to define poorly resolved formant peaks or other aspects of spectral shape when f 0 is high.
Research with natural speech has shown that whispered vowels are less intelligible than voiced vowels ͑Tartter, 1991͒. Tartter found that the increased error rate for whispered vowels was due in part to increased confusions among vowels adjacent in the vowel space defined by F1 and F2 frequencies. Formant movement can help to disambiguate such pairs of vowels, and hence formant flattening might be expected to lead to a greater reduction in identification accuracy for whispered compared to phonated vowels. On the other hand, if formant movement is beneficial because it helps to define formant peaks when f 0 is high, then replacing the voicing source with noise might be expected to yield reduced effects of formant flattening in whispered vowels compared to voiced vowels, particularly for children. Experiment 3 tested these two contrasting predictions by examining the interaction of formant flattening and the presence or absence of voicing.
A. Method
Vowels were synthesized using the auto-tracked formant measurements from experiment 2 and the cascade formant synthesis model ͑Klatt, 1980͒. Vowels were synthesized either with pulsed excitation ͑to produce ''voiced'' vowels, as in experiment 2͒ or noise excitation ͑generating ''unvoiced'' or whispered vowels͒. In addition, each was synthesized with time-varying formant frequencies ͑full condition͒ or with all formants and f 0 held constant across time ͑FlatF condition͒. A total of 720 vowels was generated ͑2 voicing states ϫ 2 formant change conditions ϫ 5 talker groups ϫ 3 talkers/ group ϫ 12 vowels͒. Stimulus presentation, testing procedures, response collection, and data analysis were the same as described for experiment 1.
B. Listeners
Eight adults who reported normal hearing and were native speakers of American English served as listeners. Most were long-term residents of the Dallas, Texas area. All had completed an undergraduate course in phonetics. Two of the listeners had participated in experiment 1, and one in experiment 2.
C. Results
Elimination of time variation in the frequencies of the formants and f 0 lowered identification accuracy by 17% for the voiced vowels and 15% for the unvoiced ͑whispered͒ vowels, on average. This shows that time-varying changes in formant frequencies have similar effects for whispered and voiced vowels. In comparison, replacement of the voicing source with aperiodic noise lowered mean identification accuracy by 11%.
There was a significant interaction of formant flattening ϫ talker group ͓F (4,28) ϭ5.35; pϽ0.01͔, and of voicing source ϫ talker group ͓F (4,28) ϭ4.73; pϽ0.01͔, but the three-way interaction of formant flattening ϫ voicing source ϫ talker group was not significant. Figure 7 shows that the shift from voicing to whisper has the effect of eliminating the selective advantage of the vowels of adult males over the other four talker groups.
Holding the formant frequencies constant had a larger effect on the vowels of adult females ͑24% drop͒ compared to those of other talker groups ͑11%-18% drop͒, possibly because the vowels of the adult females were generally more susceptible to synthesis errors ͑Fig. 4͒. Figure 7 shows that FIG. 7 . Mean identification accuracy for the synthesized voiced and whispered vowels spoken by adult males ͑M͒, adult females ͑F͒, and three groups of children ͑ages 7, 5, 3͒ in experiment 3. Error bars show the standard errors across the eight listeners.
eliminating the time variation from the formant frequencies led to a substantial drop in accuracy for all talker groups, with similar reductions for whispered and voiced vowels.
The three-way interaction of formant flattening ϫ voicing source ϫ vowel was significant ͓F (11, 77) ϭ2.49; pϽ0.01͔ and is shown in Table II . Consistent with the results of experiment 1, the largest effects of formant flattening were observed for the vowels /|/ and /Ç/. Effects of formant flattening were similar for the voiced and whispered versions of these vowels. Several other vowels ͑e.g., /(/ and /*/͒ also showed small declines when their formants were held constant.
Although most vowels showed some effect of shifting from a voiced to whispered source, the changes were not uniform across the vowels. The largest effects emerged for the vowels /É/ and /,/, neither of which was affected substantially by the flattening of their formants. Some vowels, like /{/ and /}/, showed little effect of either manipulation.
Overall, the results of experiment 3 showed that the formant flattening and voicing source manipulations did not interact. Moreover, their effects were not the same for different vowels and talker groups. The ANOVA showed significant interactions of formant flattening ϫ talker group ϫ vowel ͓F (44, 308) ϭ3.36; pϽ0.01͔ and voicing source ϫ talker group ϫ vowel ͓F (44, 308) ϭ2.95; pϽ0.01͔, but no systematic patterns emerged from an inspection of these interactions. The four-way interaction of formant flattening ϫ voicing source ϫ talker group ϫ vowel was not significant. An interesting finding was that the vowels most affected by the change in voicing were hardly affected by the flattening of their formants. The reverse pattern did not appear to hold, since the vowels most affected by flattening their formants also showed a decline when the source changed from voicing to whisper.
The lower intelligibility of noise-excited ͑whispered͒ compared to pulse-excited ͑voiced͒ vowels was also found by Katz and Assmann ͑2000͒ using an experimental design similar to experiment 3. They showed that this effect does not arise simply because whispered speech contains less energy at low frequencies, compared to voiced speech ͑Stevens, 1999͒: a similar reduction in intelligibility was found with noise-excited vowels which preserved the spectral tilt characteristics of the voiced vowels. Katz and Assmann attributed the reduced intelligibility of whispered vowels to the elimination of harmonicity and/or periodicity.
V. GENERAL DISCUSSION
An acoustic analysis confirmed previous findings ͑Egushi and Hirsh, 1969; Lee et al., 1999͒ that children's vowels have higher formant frequencies than those of adults, as well as greater variability across talkers. The increased variability can be attributed to limitations in motor control and the reduced flexibility that accompanies the early stages of neuromotor maturation. In contrast, comparisons of formant-frequency trajectories for individual vowels revealed similar patterns for children and adults. These data suggest that children can produce appropriate patterns of formant-frequency movement in a mature manner as early as age 3.
4
Three important findings emerged from the perceptual experiments. First, we confirmed that the removal of timevarying changes in formant frequency from synthetic vowels produced lower identification accuracy. This finding replicated earlier work by Hillenbrand ͑1995͒ and Hillenbrand and Nearey ͑1999͒ for W. Michigan talkers. Our talkers were from the Dallas, Texas region, extending the results to another dialect of American English, and also to children as young as age 3.
Eliminating the time variation from all formants and f 0 resulted in a 12%-16% reduction in mean identification accuracy in experiments 1-3. In comparison, flattening just one formant ͑F1 or F2͒ led to a drop of nearly half that magnitude ͑6% and 5% reduction, respectively͒. The similar drop for F1 and F2 suggests that time-varying changes in each formant made roughly the same contribution to vowel identification. However, differences were noted for /|/ and /Ç/, where flattening F1 degraded performance more than flattening F2. This pattern is consistent with the extent of acoustic change in the F1 ϫ F2 space, and is compatible with the finding that F1 frequency is more discriminable than F2 ͑Kewley-Port and Watson, 1994͒. F2 flattening had little effect on /Ç/, but rather pronounced effects on /|/. The smaller contribution of F2 for the vowel /Ç/ might be part of its phonetic specification in the north Texas dialect of American English. The proximity of F1 and F2 frequencies for /Ç/ might also be a factor.
The second finding was that the synthesized vocalic portions of the syllables were less well identified than the natural versions, despite the fact that the formant transitions and f 0 variation were preserved. This finding, also reported by Hillenbrand and Nearey ͑1999͒, suggests that although formant-frequency variation is indisputably important for vowel quality, other signal properties that contribute to vowel identification are lost when vowels are synthesized in accordance with the cascade formant synthesis model described by Klatt ͑1980͒. We are currently investigating sources of error in the synthesis procedure that might be responsible for differences between the natural and synthesized vowels. Candidates include inaccuracies in the voicing source model, errors in formant measurement, and distortions of spectral shape resulting from the use of the formant representation ͑Hillenbrand and Nearey, 1999͒. The third finding is that formant-frequency flattening did not interact with manipulations of the voicing source. Its effects were similar for adults and children, and no evidence was found that time-varying changes in formant-frequency provided greater benefits for children's voices with high f 0 . Flattening the trajectories of the formants led to similar reductions in identification accuracy for whispered and voiced vowels. Taken together, these results argue against the idea that time-varying changes in formant-frequency contribute by specifying the locations of formant peaks when f 0 is high.
Katz and Assmann ͑2000͒ tested a related hypothesis, that time variation in f 0 might help to trace out the spectrum envelope in vowels with high f 0 . Hillenbrand and Gayvert ͑1993͒ had previously shown a small but reliable improvement when steady-state vowels were synthesized with a linear f 0 glide rather than constant f 0 . However, using the same design as in experiment 1 of the current study, Katz and Assmann found no effect of replacing the natural timevarying changes in f 0 with steady-state f 0 . Moreover, there was little evidence of a link between vowel identification accuracy and f 0 , a result also reported by Hillenbrand and Nearey ͑1999͒. One explanation for the discrepancy between studies may be that time-varying changes in f 0 lead to higher identification accuracy only in the special case where vowels are synthesized with steady-state formant patterns, a condition not investigated in the present study. On the whole, these studies provided little evidence that time-varying changes in either f 0 or formant-frequency lead to improved resolution of spectral features such as formant peaks.
The finding that the benefits of time-varying changes in formant frequency do not interact with properties of the voicing source raises the following question: if formant movement does not help to specify the locations of formant peaks, how then do listeners overcome the problem of reduced spectral resolution when f 0 is high? The answer may be that the auditory representations of vowels with high f 0 are not subject to the degradation observed in their amplitude spectra. Accurate vowel identification may not require precise specification of the formant peaks, or there may be sufficient cues remaining in vowels with high f 0 to fill in the details lost by sparse sampling. Alternative models have been proposed that do not rely on formants, but instead use spectral shape parameters derived from principal components analysis or related methods ͑e.g., Bakkum et al., 1995; Zahorian and Jaghargi, 1993͒ . A question for future research is how these models would account for the effects of formant flattening and their independence of changes in voicing source. The auditory excitation patterns that generally serve as the input to spectral shape models assign greater weight to the low-frequency region of the spectrum, and are therefore likely to show increased, rather than reduced, dependence on f 0 .
A second question concerns the basis for the beneficial effects of time-varying spectral change: if not by improving spectral resolution, how then does formant movement help? The answer may be that formant movement provides a basis for maintaining phonetic distinctiveness in crowded vowel systems such as English ͑Ladefoged and Maddieson, 1996͒. Several of our findings are consistent with this hypothesis. First, the effects of formant-frequency flattening were not uniform across the vowel set. Consistent with previous investigations demonstrating the perceptual salience of timevarying formant frequencies for American English vowels ͑e.g., Strange et al., 1983; Nearey and Assmann, 1986; , the largest decrements in identification were found for the vowels that showed the largest excursions in their formant trajectories, /|/ and /Ç/. Second, there was a tendency for neighboring vowels in the F1-F2 plane to display opposing patterns of formant movement ͑Nearey and Assmann, 1986͒. This can be seen by inspection of Fig. 3 : vowels whose onsets are close together ͑such as /|/ and /}/͒ tend to display vector movement in opposing directions. This suggests that formant movement provides greater benefits in crowded regions of the vowel space. If formant movement serves a contrast-enhancing function in vowel perception, then manipulations such as flattening the formants might be predicted to have reduced effects in languages with smaller vowel inventories.
formant movement with more extreme time windows ͑particularly /#/, /,/, /|/, and /Ç/ in F1, and /Å/, /Ä/, /*/, and /#/ in F2͒. The perceptual consequences of selecting a later sample are probably minor, however, as a subset of these vowels with reduced formant movement when measured with the 33%-66% time window ͑e.g., /#/, /,/, /Ä/, /*/͒ showed little decline in identification accuracy from the full to FlatF conditions of experiment 1 ͑see Fig. 6͒ . 4 This interpretation must be treated with caution because Lee et al. ͑1999͒ reported greater time-varying spectral change for children's vowels compared to those of adults. Our acoustic analyses provided little evidence of increased time variation in the formant trajectories of children's vowels. Differences in vowel set, elicitation procedure, and analysis method may be responsible for the discrepancy.
